Ultra-compact X-ray binaries consist of a neutron star or black hole that accretes material from a white dwarf-donor star. The ultra-compact nature is expressed in very short orbital periods of less than 1 hour. In the case of 4U 0614+091 oxygen-rich material from a CO or ONe white dwarf is flowing to the neutron star. This oxygen-rich disc can reflect X-rays emitted by the neutron star giving a characteristic emission spectrum. We have analyzed highresolution RGS and broad band EPIC spectra of 4U 0614+091 obtained by the XMM-Newton satellite. We detect a broad emission feature at ∼ 0.7 keV in both instruments, which cannot be explained by unusual abundances of oxygen and neon in the line of sight, as proposed before in the literature. We interpret this feature as O VIII Lyα emission caused by reflection of X-rays off highly ionized oxygen, in the strong gravitational field close to the neutron star.
INTRODUCTION
The object of our study is the ultra-compact X-ray binary (UCXB) 4U 0614+091 consisting of a neutron star that accretes gas from a white dwarf. The source is placed close to the Galactic plane at a distance of 3.2 kpc (Kuulkers et al. 2009 ) towards the Galactic anticenter. The characteristic that distinguishes UCXBs from low-mass X-ray binaries (LMXBs) is a very short orbital period, it is typically less than 80 minutes. For this source, the measurements revealed an orbital period of ∼ 50 min (Shahbaz et al. 2008) . The light curve of this object does not show signs of eclipses or dips, which indicates the upper limit of the inclination of the system to be around 70
• . The source experiences type I X-ray bursts (Swank et al. 1978; Brandt et al. 1992) and is classified as an atoll source (Mendez et al. 1997) , which means that it shows transitions between the low/hard (island state) and high/soft state (banana state). An interesting process occurring in neutron star LMXBs is reflection. The X-ray photons emitted from a neutron star can be reflected by the accretion disc, leading to an X-ray emission line spectrum and free-free continuum. If the infalling photons are reflected by the innermost part of the disc, where a strong gravitational field is present, the observed spectral features will be broadened by the relativistic Doppler effect and gravitational redshift (Fabian et al. 1989) . The emission lines can be additionally affected by Comp-⋆ E-mail: O.Madej@sron.nl ton scattering in the ionized disc material, which upscatters the line photons preferentially to higher energies (Ballantyne et al. 2002) . The most prominent reflection line in the case of a disc consisting of gas with solar abundances is that of Fe Kα at ∼ 6.4 keV and second strongest is O VIII Lyα at ∼ 0.65 keV. So far only the Fe Kα line has been reported in the LMXBs (Reis et al. 2009; Cackett et al. 2009; Miller 2007) . Evidence for reflection in 4U 0614+091 was previously claimed in BeppoSAX data (Piraino et al. 1999) . The authors interpreted the spectral continuum-like feature around ∼ 60 keV as the reflection from the optically-thick disc. A line-like feature at 0.7 keV indicating a possible broad O VIII emission line or a set of O VII-O VIII and Fe XVII-Fe XIX lines was reported in the low-resolution EX-OSAT and ASCA spectra (Christian et al. 1994; Juett et al. 2001 ). However, Paerels et al. (2001) found no evidence for emission lines in the high-resolution Chandra data. Paerels et al. (2001) did report an overabundance of neon. Juett et al. (2001) showed that the feature at 0.7 keV could be eliminated in the ASCA spectra when the overabundance of neon is considered. However, the neutral absorption edges of oxygen, iron and neon are unresolved in those lowresolution spectra. Since the 0.7 keV feature appears close to these edges, it is crucial for the determination of the continuum level to measure their depths accurately. We analyze simultaneous low and high-resolution spectra of 4U 0614+091 obtained by the XMM-Newton satellite. The highresolution spectra contain well resolved absorption edges, which allow us to improve the measurement of the abundances of oxygen, Lodders (2003) . The region 0.6 − 0.8 keV was excluded from the fit, Top-right: Model with an ISM where the abundance of oxygen and neon are allowed to vary. A similar model was proposed by Juett et al. (2001) to explain the excess emission around 0.7 keV. The fit gives an overabundance of neon and an underabundance of oxygen. Bottom-left: Model with abundances of oxygen, iron and neon constrained from the RGS high-resolution spectra. The region 0.6 − 0.8 keV was excluded from the fit. Bottom-right: Model with parameters of the Gaussian line obtained from the RGS spectra.
iron and neon with respect to the previous measurements done by Juett et al. (2001) . The residuals show that besides the higher than solar abundance of neon there is a broad emission feature present in the data with a peak at the position of the O VIII Lyα line.
OBSERVATIONS AND DATA REDUCTION
XMM-Newton observed 4U 0614+091 on 2001 March 13 starting at 9:35 UT for ∼ 11 ksec and immediately afterwards at 12:32 UT for ∼ 17 ksec. In both parts of the observation two Reflection Grating Spectrometers (RGS) were collecting data. RGS is a high-resolution spectrometer covering the energy range from 7 to 38 Å (0.3 − 2.1 keV) with spectral resolution of E/∆E =100 to 500 (den Herder et al. 2001 ). In the second part of the observation the European Photon Imaging Cameras: MOS1, MOS2 and pn were collecting data simultaneously with RGS. MOS1, MOS2 and pn provide broad band spectral coverage with modest resolution (E/∆E =20 to 50) over the energy range of 0.3 to 10 keV (Turner et al. 2001) . The MOS1 and pn camera were operated in the Timing mode, while MOS2 was operated in the Full Frame (Imaging) mode. We reduce the data using the XMM-Newton Data Analysis software SAS version 9.0. The light curve shows no significant contamination from soft protons. We extract source photons with pixel pattern equal to 0 from the MOS1 camera with rawx from 300 to 320 and background with rawx from 260 to 280 (beyond the source PSF). The net source count rate is 58.54 ± 0.06 c/s (full bandpass). We extract the MOS2 observation with pixel pattern below or equal to 12. The MOS2 observation suffers from pile-up. In order to reduce the effect of pile-up on the source spectrum, we exclude events from within the circle with a radius of 24 arcsec centered on the source position. The background spectrum for the MOS2 observation is extracted from CCD-3. The net source count rate is 13.01 ± 0.03 c/s. We extract source photons with pixel pattern less than 5 from the pn camera with rawx from 33 to 45 and background with rawx from 15 to 25. The net source count rate is 238.74 ± 0.14 c/s. The data collected by RGS are reduced using standard software pipeline which generates source and background spectra as well as response files. We fit the data using the spex package 1 (Kaastra et al. 1996) . Errors on the fit parameters reported throughout this Manuscript correspond to a 68% confidence level for each calculated parameter (∆χ 2 = 1).
ANALYSIS AND RESULTS

Model with high neon abundance
Broad band spectra
The typical continuum model for X-ray binaries contains two components: a power-law, which is important in the island state and a black body, which is important in the banana state of the source. In our case adding a soft thermal component (black body) does not improve the fit, therefore we use only a power-law to fit the data. During the observation the source was in the island state (Mendez et al. 2002) , hence it is not surprising that the soft thermal component is not present. The X-ray spectrum of the source is affected by the interstellar medium. Most of the gas in the line of sight is neutral (Ferrière 2001) , therefore as to a first approximation we use only a neutral absorption model (hot model with very low temperature-neutral gas limit). This model calculates the transmission of a plasma in collisional ionization equilibrium. For the reference abundances of elements in the neutral gas we choose the proto-solar abundances of Lodders (2003) . The data from the MOS1, MOS2 and pn cameras do not agree in the soft part of the spectrum. It was reported that the timing mode calibration of MOS has larger uncertainties than the imaging mode calibration (in 't Zand et al. 2008 ). The differences between MOS2 and pn spectra below 1 keV may indicate also uncertainties in the pn timing mode calibration. Therefore we focus on the MOS2 data only. In the case of the MOS1 and pn data we report only the fit in the range 1 − 10 keV. The fit gives a slope of the powerlaw of 2.173 ± 0.004 with χ 2 ν = 2.6 for 242 d.o.f. for MOS1 and 2.216±0.001 with χ 2 ν = 2.1 for 735 d.o.f. for the pn. We fit MOS2 in the range 0.4 − 10 keV assuming an interstellar medium (ISM) with proto-solar abundances. The best-fit model leaves a large residual in the soft X-ray part of the spectrum (Fig. 1 upper left panel) . The residuals show a broad emission feature with a peak at ∼ 19 Å. The residual at ∼ 22.7 Å is most probably caused by the molecular gas in the interstellar medium, which changes the fine structure of the absorption edge with respect to the atomic gas (see text). The possible solution proposed by Juett et al. (2001) is to allow the oxygen and neon abundances, whose absorption edges play a significant role in this region, to vary while fitting. Although the fit is much better, the residuals clearly show that the fit can still be improved ( Fig.1 upper right panel) . In addition the fit gives an unexpected significant underabundance of oxygen (see Table 1 , column model-MOS).
Constraining abundances from RGS data
Since the spectral resolution of the MOS2 data is not sufficient to resolve the neon and oxygen edge, we analyse the RGS data. Since the source is variable, we focus on the second part of the observation, which is simultaneous with the MOS2 observation. We use the slope of the power-law determined by fitting the MOS2 data as starting value while fitting RGS data. We do not fix the parameter because of the possible cross-calibration uncertainties. The highresolution spectra of the source show a prominent Ne K-edge at 14.3 Å, Fe L-edge at 17.3 Å and O K-edge at 23.05 Å (Fig. 2) .
We measure the depth of these absorption edges by fitting the spectra locally with the slab model (Kaastra et al. 2002) . This model calculates the transmission of a slab of gas containing individually selected elements with the same atomic absorption cross-sections as used in the neutral absorption model. The model contains the detailed structure of the edges. For this purpose we take the following energy ranges: 21 − 24 Å for the O K-edge, 16 − 18 Å for the Fe L-edge and 12 − 16 Å for the Ne K-edge. For these local fits the power-law slope is fixed to the one found from the overall fit. The results are included in the Table 2 . The abundance of oxygen in the ISM agrees with the proto-solar abundance of Lodders (2003) , contrary to the results of Juett et al. (2001) . As for the abundance of neon, we find an overabundance of ∼ 3.8 over proto-solar, which supports the results obtained by Paerels et al. (2001) . The amount of iron, that we measure is significantly lower than what we would expect from the ISM with proto-solar abundances.
A feature at ∼ 19 Å
We refit the full RGS spectra with the column densities of oxygen, iron and neon fixed to the values derived from the local fits. The fit gives χ 2 ν = 2.97 for 685 d.o.f. and the residuals show structure around 19 Å (0.7 keV). Therefore we refit the RGS spectrum excluding the range 16 − 21 Å. We detect a broad feature with a peak at 19 Å in both parts of the XMM-Newton observation (Fig. 2 is made using only the second part of the observation). Modeling the feature with a Gaussian line reveals the center to be at ∼ 18.6 Å with a FWHM of ∼ 4 Å (see Table 2 ) and equivalent width of 1.1 Å (41 eV), which is calculated by taking the flux of the continuum and Gaussian line in the range 16 − 21 Å. We use abundances determined from the second part of the RGS observation to refit the simultaneous MOS2 data with the column densities of each element fixed. The fit reveals an emission feature at around 0.7 keV (Fig. 1 lower left panel) . The inclusion of the Gaussian line with the parameters fixed to those found in the RGS Fig. 1, lower right panel) .
The broad emission feature: relativistic or Compton scattering broadening ?
Whereas the Gaussian line on-top of a power-law continuum describes the data, the model lacks a physical interpretation. A plausible interpretation of the emission feature is that of a relativistically broadened emission line. Therefore we fit the Laor profile (Laor 1991) to the residuals present in the RGS data. Since the peak of the feature is very close to the energy of the O VIII Lyα, we fix the wavelength of the line to 18.97 Å. We fix the outer radius to 1000 GM/c 2 . The fit reveals an unexpectedly high inclination of 88 deg (Table 3 ). With such a high inclination, we expect to observe eclipses in the light curve, which are not present. It could be the case that the inner part of the disc, where the photons are reflected, has a different inclination than the binary system. The inner part of the disc can be warped and twisted if it is strongly irradiated by the neutron star in a non-uniform way (Pringle 1996) . The fit gives an inner radius of ∼ 14 GM/c 2 with χ 2 ν = 1.44 for 681 d.o.f., however we find also another solution r in ∼ 3.5 GM/c 2 with χ 2 ν = 1.45.
An additional mechanism broadening the line is Compton scattering. The Compton downscattering can be estimated using the formula σ E /E = Eτ 2 /m e c 2 , where σ E is Half Width at Half Maximum of the Gaussian line and E is the energy of the line in keV. The calculation gives τ ≈ 9, which seems unlikely, since it indicates an extremely optically-thick layer of material. This makes it impossible that Compton downscattering alone is responsible for the line broadening. Therefore, the plausible solution points towards broadening by the strong gravitational field and scattering off the ionized material of the disc.
Adding a reflection model
We fit a relativistically broadened reflection model reflionx (Ross & Fabian 2005) , available in xspec (Arnaud 1996) , which takes into account effects of Compton scattering in the ionized reflecting material. For the relativistic broadening we use the convolution model kdblur (based on Laor model) and for the Galactic absorption we use the TBnew model (Wilms et al., in prep) . In order to fit the spectrum with the reflection model we need a significant overabundance of oxygen. In order to mimic the enhancement of oxygen, we decrease the abundance of iron by a factor of 5. Using the described fit-function we find that the χ 2 distribution around the (local) minimum for the inner radius does not allow for an error screening on the best-fit r in values using the current data set. Because of additional complexity of the reflection model, we fix the inner disc radius to that of the innermost stable circular orbit for a non-rotating neutron star (6 GM/c 2 ). The outer disc radius is again fixed to 1000 GM/c 2 . In the fit we use RGS in the same energy range as before and MOS2 in the range from 1.5 to 10 keV, in order to have good constraints on the power-law slope and the abundances of oxygen, iron and neon. The best fit yields a χ 2 ν = 1.28 for 1454 d.o.f. The best-fit inclination is ∼ 57 deg and the best-fit ionization parameter is ∼ 222 erg cm s −1 (Table 3) , which indicates that indeed some Compton scattering is present as well as relativistic broadening effects. 
DISCUSSION
Using high-resolution spectra we have shown that a model with an overabundance of neon and underabundance of oxygen cannot fully describe the soft X-ray spectra of 4U 0614+091, contrary to the earlier suggestions (e.g., Juett et al. 2001) . The spectra show an emission line-like feature with a peak at ∼ 19 Å. We investigate a possible interpretation of this feature as relativistically broadened emission line of O VIII Lyα and discuss the uncertainties introduced by using only one ISM component (neutral gas). During the refereeing process of this Manuscript the work of Schulz et al. was submitted, confirming the presence of this broad O VIII emission line using Chandra data. The fact that we do not observe the Fe Kα line in the broad band spectra indicates that the abundances in the accretion disc differ from solar. Optical spectra of this source show that this is indeed the case as expected from a white dwarf donor star. Nelemans et al. (2006) find emission lines of oxygen and carbon. We detect also a significant overabundance of neutral neon with respect to the ISM, which probably originates from the source (Juett et al. 2001) . This points towards a CO or an ONe white dwarf as the donor star. In both cases, the amount of oxygen in the disc is greatly enhanced with respect to LMXBs with a main-sequence mass donor. The model of Ballantyne et al. (2002) predicts that with the significant amount of oxygen in the disc the O VIII line becomes the most prominent line in the reflection spectrum. We have shown that using a currently available reflection model it is possible to get a good fit by lowering the abundance of iron. The fit gives a reasonable value of the inclination together with significant ionization of the disc material. In our analysis we took into account only neutral gas ISM components. Since the source spectrum has substantial absorption of the Galactic ISM, we expect other components like dust, molecular gas, warm and hot ionized gas to play a role as well. We find low abundance of iron, which can be explained by the screening effect in the ISM dust grains (see Kaastra et al. 2009 ) indicating iron bound in dust in the line of sight. The residual at 22.7 − 23.2 Å shows that oxygen may be bound in molecules, which significantly changes the fine structure of the edge compared to the atomic case (Pinto et al. 2010) . The narrow features close to the neon edge hint at the presence of ionized neon indicating warm gas, however we cannot constrain the amount owing to the limited signal-to-noise ratio of the data. The hot gas in the outer parts of the Galaxy, where the source is placed, originates from supernova remnants. The radio map of 4U 0614+091 shows no evidence of a supernova remnant in the line of sight (Miller-Jones, private communication) . We attempted to constrain the inner radius of the accretion disc, however we obtained two solutions with comparable χ 2 value: r in ∼ 3.5 and 14 GM/c 2 . Deeper observations are necessary to measure the inner radius accurately.
